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Objective: To evaluate the effects of plyometric training on
muscle-activation strategies and performance of the lower ex-
tremity during jumping exercises.

Subjects: Twenty healthy National Collegiate Athletic Asso-
ciation Division I female athletes.

Design and Setting: A pretest and posttest control group
design was used. Experimental subjects performed plyometric
exercises 2 times per week for 6 weeks.

Measurements: We used surface electromyography to as-
sess preparatory and reactive activity of the vastus medialis
and vastus lateralis, medial and lateral hamstrings, and hip ab-
ductors and adductors. Vertical jump height and sprint speed
were assessed with the VERTEC and infrared timing devices,
respectively.

Results: Multivariate analyses of variance revealed signifi-
cant (P , .05) increases in firing of adductor muscles during
the preparatory phase, with significant interactions for area,
mean, and peak. A Tukey honestly significant difference post
hoc analysis revealed significant increases in preparatory ad-
ductor area, mean, and peak for experimental group. A signif-

icant (P 5 .037) increase in preparatory adductor-to-abductor
muscle coactivation in the experimental group was identified,
as well as a trend (P 5 .053) toward reactive quadriceps-to-
hamstring muscle coactivation in the experimental group. Pear-
son correlation coefficients revealed significant between-groups
adaptations in muscle activity patterns pretest to posttest. Al-
though not significant, experimental and control subjects had
average increases of 5.8% and 2.0% in vertical jump height,
respectively.

Conclusions: The increased preparatory adductor activity
and abductor-to-adductor coactivation represent prepro-
grammed motor strategies learned during the plyometric train-
ing. These data strongly support the role of hip-musculature
activation strategies for dynamic restraint and control of lower
extremity alignment at ground contact. Plyometric exercises
should be incorporated into the training regimens of female ath-
letes and may reduce the risk of injury by enhancing functional
joint stability in the lower extremity.
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Female athletes involved in jumping and cutting activities
are at greater risk for sustaining noncontact anterior cru-
ciate ligament injuries when compared with their male

counterparts.1–4 A variety of differences have been identified
between the sexes5–10; however, recent findings from training
studies of kinematic (motion) and kinetic (force) data suggest
that lower extremity malalignment is related to inefficient neu-
romuscular control strategies.5 Plyometric training is an estab-
lished technique for enhancing athletic performance but may
also facilitate beneficial adaptations in the sensorimotor system
that enhance dynamic restraint mechanisms11,12 and correct
faulty jumping or cutting mechanics.

The dynamic restraint system relies on feed-forward and
feedback motor control to anticipate and react to joint move-
ments or loads.10 Feed-forward strategies employ muscle
preactivation to ‘‘stress shield’’ articular structures and are or-

ganized based on previous experience with sport-specific ac-
tivities.13 Functional training techniques with repetitive jump-
ing and deceleration activities may create plastic neurologic
adaptations to motor programs that improve coordination for
both performance and dynamic restraint. The feedback motor-
control process encompasses a number of reflexive pathways
that continuously modify muscle activity to accommodate un-
anticipated events.10 Because the lower extremity is subjected
to high joint loads and velocities during plyometric activities,
these exercises are ideal for encouraging the reflexive path-
ways of feedback motor control.

Plyometric exercises are defined as eccentric loading im-
mediately followed by a concentric contraction.14–19 These ex-
ercises have been credited with inducing neuromuscular ad-
aptations to the stretch reflex, elasticity of muscle, and Golgi
tendon organs.18,20 The stretch reflex is initiated during the
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eccentric loading phase and can facilitate greater motor-unit
recruitment during the ensuing concentric contraction. The se-
ries and parallel connective-tissue components of muscle also
store elastic energy, which can generate additional force if a
muscle recoils quickly in the form of a concentric contraction.
Lastly, Golgi tendon organs usually have a protective function
against excessive tensile loads in the muscle; however, after
plyometric training, Golgi tendon organ desensitization is
thought to occur,21 allowing the elastic components of muscles
to undergo greater stretch. When the stretch reflex and stored
elastic energy are combined, a more powerful concentric force
is created.18 Wilk et al18 suggested that muscular performance
gains after plyometric training are attributed to these neural
adaptations, rather than to morphologic changes. For this rea-
son, plyometric training may enhance neuromuscular function
and prevent knee injuries by increasing dynamic stability.22

Plyometric exercises may increase performance and de-
crease injury risk in competitive female athletes.5,23 During
most functional activities, the knee joint is subjected to high
abduction and adduction moments, and, therefore, a theorized
relationship exists between these moments and knee inju-
ries.24–27 Motion and forceplate data after plyometric training
revealed that trained female athletes had lower abduction and
adduction moments at the knee and lower landing forces when
compared with untrained males.5 These results are believed to
be evidence for increased dynamic restraint and functional
knee stability. Furthermore, Hewett et al23 indicated that fe-
males who participated in a plyometric training program had
a significant decrease in the number of serious knee injuries.
Neuromuscular adaptations are believed to enhance dynamic
knee stability and performance22; however, the specific adap-
tations responsible for the success of plyometric training are
still theoretic. Our purpose was to examine the effects of ply-
ometric training on muscle-activation strategies and perfor-
mance in female athletes during jumping activities.

METHODS

Research Design

This experiment was a pretest and posttest control-group
design. The independent variables were time (pretraining,
posttraining) and training group (control, plyometrics). The de-
pendent variables were electromyography (EMG) signals
(area, mean, peak, coactivation, pattern) and our performance
measures for the thigh musculature (vertical jump height and
sprint speed).

Subjects

Twenty National Collegiate Athletic Association Division I
collegiate female soccer and field hockey players, 18 to 22
years of age, volunteered to participate in the study. Exclu-
sionary criteria included any lower extremity reconstructive
surgery in the past 2 years or unresolved musculoskeletal dis-
orders that prohibited subjects from sport participation. All
subjects participated in off-season training that involved prac-
tice 3 times per week and weight training 2 times per week.
Random assignment was performed, and subjects were placed
in either the control group (9 subjects: 7 soccer players, 2 field
hockey players) or the experimental group (9 subjects: 7 soc-
cer players, 2 field hockey players). The mean height for the
control group was 165.66 6 4.88 cm and for the experimental

group, 164.54 6 4.88 cm. The mean weight for the control
group was 59.75 6 3.62 kg and for the experimental group,
59.24 6 3.62 kg. Any subject who missed more than 1 training
session was removed from the study. All control subjects were
asked to refrain from any plyometric-type training. After pre-
testing, 1 control subject was removed from the study because
of an unrelated surgical procedure. One experimental subject
was removed from the study after posttesting because of error
in EMG calibration.

Instrumentation

Electromyographic Assessment. Testing methods and in-
strumentation were based on previous research conducted by
Swanik et al.28 The EMG data were collected from 6 muscles:
vastus medialis, vastus lateralis, medial hamstrings, lateral
hamstrings, hip abductors, and hip adductors. Electrode place-
ment was identified by palpating bony landmarks and the mid-
length of the contractile component during an isometric con-
traction. The skin was shaved, lightly abraded, and cleaned
with 70% ethanol solution before 10-mm (diameter includes
active portion of electrode surrounded by adhesive material),
self-adhesive Ag/AgCl bipolar surface electrodes (Multi Bio
Sensors Inc, El Paso, TX) were placed over the muscles 10
mm apart (center-to-center distance).29 Resistance between
paired electrodes was measured with a standard multimeter3

and was less than 2 KV. One reference electrode was placed
over the proximal tibia. The EMG activity was processed
through the Noraxon Telemyo System (Noraxon USA Inc,
Scottsdale, AZ).

Signals from the 6 muscles were passed from the leads to
a battery-operated, 8-channel FM transmitter that was worn by
the subject. A single-ended amplifier (impedance . 10 mV,
gain 5 1000) was used with a fourth-order Butterworth filter
(10–500 Hz) and a common mode rejection ratio of 130 db at
DC (minimum 5 85 db across entire frequency of 10–500
Hz). A receiver with a sixth-order filter (gain 5 2, total gain
5 2000) was used to further amplify the signal. The signal
was converted from analog to digital data with an A/D card
(Keithley Metrabyte DAS-1000; Keithley Instruments, Inc,
Tauton, MA). Once converted, the signal was passed to a com-
puter, in which raw EMG data were sampled at a frequency
of 1000 Hz and further analyzed with Myoresearch software
(Noraxon USA). Before each test, the myoelectric signal was
calibrated with the subject in a relaxed position to establish
the baseline EMG activity. The EMG data were recorded dur-
ing a drop jump and subsequent vertical jump.

We analyzed the integrated EMG data, expressed in micro-
volts·milliseconds. The raw signal was rectified and averaged
over a 15-millisecond moving window. Because the EMG data
integration requires 16 milliseconds of processing time, the
EMG channels were synchronized to adjust for this delay.28

To indicate ground contact, the subjects landed on a vinyl
switch mat (model 63515; Lafayette Instruments, Lafayette,
IN) covered by a piece of 12-mm-thick Plyorobic Runway
(model 4857P; M-F Athletic Co, Cranston, RI). On pilot test-
ing, we found the switch mat to be 6 5 milliseconds of the
Noraxon foot switch. This was considered acceptable because
examining muscle-activation timing within 10 milliseconds is
generally considered inconsequential due to variability in
nerve length and conduction velocity.29–31 The switch mat was
connected to the EMG computer to indicate ground contact at
2.27 kg of pressure. To normalize for time, a linear envelope
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Table 1. Sample of Plyometric Training Progression20

Week Exercises*

1 Wall touches (3 3 30 s)
Split squat jumps (2 3 40)
Lateral cone jumps (2 3 30)
Cone hops with 1808 turn (4 cones 3 10)

2 Wall touches (4 3 30 s)
Split squat jumps (2 3 50)
Lateral cone jumps (2 3 40)
Cone hops with 1808 turn (4 cones 3 20)

3 Wall touches (5 3 30 s)
Split squat jumps (2 3 60)
Lateral cone jumps (2 3 50)
Cone hops with 1808 turn (4 cones 3 30)

4 Wall touches (5 3 30 s)
Split squat jumps (2 3 60)
Lateral cone jumps (2 3 50)
Cone hops with 1808 turn (4 cones 3 30)
Drop jumps: 45.72 cm (20)

5 Wall touches (5 3 30 s)
Split squat jumps (2 3 60)
Lateral cone jumps (2 3 50)
Cone hops with 1808 turn (4 cones 3 30)
Drop jump: 45.72 cm (30)

6 Wall touches (6 3 30 s)
Split squat jumps (2 3 70)
Lateral cone jumps (2 3 60)
Cone hops with 1808 turn (4 cones 3 40)
Drop jump 45.72 cm (40)

*30 s between sets and 2 min between exercises.

was established based on the initial ground contact. Markers
were placed 150 milliseconds before ground contact to capture
the descent phase of the drop jump, and the absence of ground
contact was used to indicate take-off on the subsequent vertical
jump. Three drop-jump trials were performed, and the trials
were combined using Myoresearch software to construct an
ensemble average profile of the muscle activity during the
specified linear envelope.28

The amplitude of muscle activity for each subject was nor-
malized to the ensemble peak amplitude of the drop jumps
based on the results of Yang and Winter.32 Using amplitude
normalization, we converted the EMG data (micro-
volts·milliseconds) into a value that represents a percentage of
the ensemble peak (percentage·milliseconds) and was calcu-
lated using Myoresearch software. Preparatory and reactive
EMG phases of the jump were identified by time to compare
subjects and analyze data. The preparatory phase encompassed
150 milliseconds before ground contact; the reactive phase
consisted of initial ground contact to 350 milliseconds after
ground contact.28

Vertical-Jump Height Assessment. Vertical-jump height
was assessed using the VERTEC (Questtek Corp, Northridge,
CA). The VERTEC device has 49 color-coded, movable acryl-
ic vanes, which were spaced at 0.5-in (1.27-cm) intervals. The
height of the VERTEC was adjusted in accordance with the
manufacturer’s guidelines. Subjects were instructed to jump as
high and as fast as they could upon landing from the drop
jump and attempt to make contact with their fingers at the
highest vane. Subjects were given 3 attempts to reach their
maximum height. The highest of the 3 trials was used as the
comparative measure from pretest to posttest. Reliability for
the VERTEC during running jumps, with 3 run-up steps and
with a single-leg take-off, produced an intraclass correlation
coefficient of 0.92. Standing jumps, which use both legs dur-
ing take-off, have an intraclass correlation coefficient of
0.94.33

Sprint Speed Assessment. Sprint speed was assessed using
an infrared timing device, consisting of a long-range trans-
mitter and receiver. Sprint speed was displayed on the Polaris
multievent timer (FarmTek, Inc, Dallas, TX). Subjects were
asked to perform 3 repetitions of a shuttle run totaling 40 yards
(36.57 m); the fastest sprint speed was used for the compar-
ative measure from pretest to posttest.

Experimental Procedures

Subjects reported to the university Biokinetics Research
Laboratory: Athletic Training Division for the pretest session.
The university institutional review board approved all study
procedures. Each subject signed the informed consent and
completed the health history questionnaire; we then reviewed
the questionnaire for inclusion and exclusion criteria. All data
collection was performed by 1 tester to maximize reliability.
Subjects were first asked to perform a warm-up, then a shuttle
run totaling 40 yards. Each participant was allowed 1 practice
trial before testing. Subjects performed 3 test repetitions, and
the fastest sprint speed was recorded for data analysis. Subjects
were allowed a 1-minute rest interval between test trials.

The EMG electrodes were then applied to the right leg, and
subjects were instructed on the drop-jump procedures from a
height of 18 in (45.72 cm). Each subject was allowed 3 prac-
tice trials before data collection. Subjects then performed 3

test repetitions with a 30-second rest interval between repeti-
tions, and the highest vertical-jump height was recorded.

All subjects were then randomly assigned to either the con-
trol or experimental group. All subjects participated in regu-
larly scheduled off-season strength training, practices, and
games and tournaments, but the experimental group also par-
ticipated in a plyometric program 2 times per week for 6
weeks (Table 1). Plyometric training sessions took approxi-
mately 20 to 30 minutes to perform. The training regimen was
based on exercises determined to be sport specific as well as
pilot testing performed with a similar caliber of athletes.

The experimental group was given instructions and illustra-
tions of each plyometric exercise before the first training ses-
sion. Wall touches were performed with the subjects facing a
wall; the objective was to jump up as high and as fast as they
could for 30 seconds. Three sets of wall touches were per-
formed in the first week. Split squat jumps were performed
with the subjects’ feet facing forward in a lunge position. The
objective was to jump straight up, land in the same position,
and immediately repeat the jump. Two sets of 40 repetitions
were performed in the first week. Lateral cone jumps were
performed with the subjects standing next to a cone with their
feet spread shoulderwidth apart; the objective was to jump
back and forth over the cone as quickly as possible. Two sets
of 30 repetitions were performed in the first week. Cone hops
with 1808 turns were performed with 4 cones spaced apart at
18-in (45.72-cm) intervals. Subjects began this exercise next
to the first cone; they were instructed to jump over the cone,
turning forward 1808 while in the air, so they were facing the
opposite direction when they landed. Subjects were to continue
along the line of cones repeating this procedure. Jumping over
all 4 cones was considered one repetition. Subjects performed
10 repetitions during the first week. Drop jumps (18-in [45.72
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cm]) were added at week 4 of training. Subjects started on a
box and were instructed to drop off the box; upon landing,
subjects were to jump as high and as fast as they could. Ini-
tially subjects performed 20 repetitions of drop jumps.20 All
subjects were posttested immediately after the 6-week training
program. Sprint speed, EMG, and vertical-jump height anal-
ysis followed the same format as the pretest procedures.

Data Analysis

We calculated a 2-way multivariate analysis of variance
(MANOVA) (group X time) with repeated measures on time
to investigate significant differences when grouping the 3
EMG-dependent variables (area, mean, and peak). We per-
formed a separate MANOVA for both the preparatory and
reactive phases for each of the 6 muscles tested. The MAN-
OVAs were also run for quadriceps:hamstrings and adductor:
abductor coactivation in both the preparatory and reactive
phases. When a finding was statistically significant as deter-
mined by the Wilks lambda criteria, we used 2-way univariate
analysis of variance (group X time) with repeated measures
on time to establish significant differences between individual
dependent variables. When an interaction was significant, we
conducted a test of simple main effects (Tukey honestly sig-
nificant difference post hoc analysis). The MANOVAs were
also performed to assess the statistical significance in vertical-
jump height and sprint speed. Pearson correlation coefficients
were used to analyze the patterns of EMG data (waveforms)
based on shape and the variance ratio, which includes the var-
iability of the EMG amplitude differences. The EMG pattern
data were further divided into 10 periods within the drop-jump
cycle and thus analyzed using the nonparametric Wilcoxon
rank sum test. All data were analyzed using the Statistical
Package for Social Sciences (version 10.0; SPSS Inc, Chicago,
IL) for Microsoft Windows. The a level was set at P # .05
for statistical significance.

RESULTS

The group-by-session interaction in the hip adductor mus-
cles during the preparatory phase was significant (F3,14 5
4.425, P 5 .022). A significant group-by-session interaction
was also noted for 3 of the EMG-dependent variables: area
(F1,16 5 6.580, P 5 .021), mean (F1,16 5 6.603, P 5 .021),
and peak (F1,16 5 7.895, P 5 .013; Table 2). The experimental
group had significant (P # .05) increases in adductor muscle
activity area, mean, and peak during the preparatory phase
when compared with the control group. In the plyometric
training group, the group-by-session interaction was signifi-
cant, with an increase in preparatory adductor-to-abductor
muscle coactivation (F1,15 5 5.267, P 5 .037; Figure 1). We
noted a trend toward a group-by-session interaction in reactive
quadriceps-to-hamstrings muscle coactivation (F1,16 5 4.346,
P 5 .053). Significant changes in the muscle-activation pat-
terns were seen from pretest to posttest between the experi-
mental and control groups. The most prominent difference was
observed after training, when the plyometric group demon-
strated adductor muscle preactivation significantly earlier and
with greater amplitude than the control group (Figure 2). No
other significant differences in EMG data were identified.

All subjects exhibited a significant increase in both sprint
speed (F1,16 5 32.495, P 5 .000) and vertical jump (F1,16 5
8.828, P 5 .009) over time. The average increases in vertical-

jump height for the experimental (5.8%, mean 5 2.54 6 2.97
cm) and control groups (2%, mean 5 0.84 6 1.68 cm) were
not significantly different. Table 2 presents means and standard
deviations for all variables tested.

DISCUSSION

Our purpose was to evaluate the effects of plyometric train-
ing on muscle-activation strategies and performance in the
hips and thighs of female athletes. Our findings suggest that
plyometric training encourages early adductor preactivation
that is of greater magnitude than in control subjects. Signifi-
cant increases in adductor and abductor coactivation were also
demonstrated, which together may position the decelerating
knee joint in a more biomechanically neutral frontal-plane po-
sition. The significant changes identified in the muscle-acti-
vation patterns after plyometric training suggest that motor-
control strategies can modify and may benefit dynamic joint
stability. These neuromuscular adaptations corroborate previ-
ous kinematic and kinetic data.5 Our observations also support
the use of plyometric training to enhance knee joint stability
even if functional performance is not significantly improved.

Muscle-Activation Strategies

Dynamic knee stability is achieved with preparatory and
reactive neuromuscular control.34,35 Preparatory muscle activ-
ity involves feed-forward processing, in which the planning of
movements is based on sensory input from previous experi-
ences.35 Reactive muscle activity involves the feedback pro-
cess of motor control and the use of reflexive pathways to
modify motor-unit recruitment.12 Increased muscle activity
will augment muscle-stiffness properties,36 so that joint loads
are absorbed within the tenomuscular unit rather than trans-
mitted through articular structures. The most efficient strate-
gies for regulation of muscle stiffness are not yet fully appre-
ciated; however, increased muscle activation is a dynamic
restraint mechanism capable of ‘‘stress shielding’’13 vulnerable
capsuloligamentous structures.37

The significant change in EMG activity after 6 weeks of
plyometric training included increased adductor muscle-group
amplitude during the preparatory phase of landing. The pattern
of adductor muscle activation was also significantly different,
with earlier preactivation and greater amplitude before landing.
Hewett et al5 suggested that decreases in abduction and ad-
duction knee moments after plyometric training resulted from
altered muscular control of the lower extremity in the frontal
plane. Olmstead et al38 found that the tensor fascia latae (hip
abductor) worked in concert with the quadriceps during knee
extension, whereas the gracilis (hip adductor) acted in syn-
chrony with the medial hamstrings in knee flexion, indicating
that the hip abductor and adductor musculature have direct
roles in assisting with knee joint stability. Although increased
abduction or adduction lower extremity alignment at landing
creates a less stable position for the knee joint, a decrease in
the abduction and adduction torques at the knee and hip may
aid in stabilizing of the knee joint and preventing serious knee
injuries.22 Therefore, the early adductor preactivation and in-
creased amplitude of adductor EMG could provide greater
functional knee stability at ground contact and ultimately de-
crease the incidence of knee injury.

Muscle coactivation, agonist and antagonist muscle syn-
chrony, is also necessary to balance joint forces. Coactivation



28 Volume 39 • Number 1 • March 2004

Table 2. Electromyography and Performance Variables (Mean 6 SD)

Variable

Control Group

Pretest Posttest

Plyometric Group

Pretest Posttest

Vastus medialis obliquus

Preparatory

Area (% ms)
Mean (%)
Peak (%)

1.52 6 .54
10.14 6 3.63
29.50 6 10.75

1.54 6 .93
10.25 6 6.21
26.56 6 13.02

1.72 6 .83
11.46 6 5.53
33.57 6 16.47

.95 6 .47
6.34 6 3.14

19.11 6 8.29

Reactive

Area (% ms)
Mean (%)
Peak (%)

20.24 6 2.43
57.84 6 6.94

105.09 6 8.42

19.93 6 1.48
56.95 6 4.24

103.71 6 7.64

20.68 6 2.79
59.08 6 7.98
98.66 6 9.21

19.04 6 2.67
54.40 6 7.64
98.71 6 5.86

Vastus lateralis

Preparatory

Area (% ms)
Mean (%)
Peak (%)

1.98 6 .81
13.20 6 5.38
29.23 6 9.25

1.66 6 .81
11.09 6 5.43
25.46 6 10.77

1.84 6 .41
12.28 6 2.76
31.38 6 8.07

1.49 6 .70
9.95 6 4.66

24.74 6 10.53

Reactive

Area (% ms)
Mean (%)
Peak (%)

20.73 6 2.84
59.24 6 8.11

101.25 6 6.41

19.42 6 2.81
55.47 6 8.03
96.41 6 9.02

21.14 6 2.80
60.41 6 7.00
98.72 6 10.36

21.69 6 2.33
61.99 6 6.68

102.91 6 9.69

Medial hamstrings

Preparatory

Area (% ms)
Mean (%)
Peak (%)

5.08 6 2.68
33.85 6 17.88
69.90 6 28.56

3.79 6 2.76
25.30 6 18.40
49.92 6 29.63

3.59 6 1.90
23.94 6 12.63
57.67 6 30.55

3.97 6 1.99
26.50 6 13.24
51.28 6 28.67

Reactive

Area (% ms)
Mean (%)
Peak (%)

17.76 6 3.28
50.70 6 9.38
99.73 6 14.71

15.51 6 3.90
44.30 6 11.14
90.07 6 15.35

15.22 6 4.23
43.49 6 12.09
96.79 6 22.13

15.35 6 2.78
43.85 6 7.95
91.51 6 13.15

Lateral hamstrings

Preparatory

Area (% ms) 2.68 6 1.39 2.86 6 2.48 2.39 6 .79 2.49 6 1.14
Mean (%)
Peak (%)

17.89 6 9.25
39.76 6 28.06

19.09 6 16.54
41.30 6 37.54

15.91 6 5.29
35.27 6 14.15

16.59 6 7.59
32.13 6 11.80

Reactive

Area (% ms)
Mean (%)
Peak (%)

17.17 6 2.44
49.07 6 6.96
98.09 6 7.48

15.44 6 3.74
44.10 6 10.67
91.29 6 16.67

16.56 6 5.02
47.31 6 14.34
95.14 6 16.27

15.36 6 1.65
43.90 6 4.73
94.23 6 7.29

Abductor

Preparatory

Area (% ms)
Mean (%)
Peak (%)

5.19 6 2.89
34.61 6 19.25
67.07 6 28.89

4.11 6 1.73
27.39 6 14.78
53.64 6 27.18

4.19 6 2.22
27.95 6 14.78
65.41 6 31.96

4.71 6 1.81
31.39 6 12.06
67.10 6 24.39

Reactive

Area (% ms)
Mean (%)
Peak (%)

18.47 6 3.72
52.76 6 10.64
96.74 6 4.26

18.79 6 3.67
53.67 6 10.49

101.56 6 3.18

17.80 6 3.44
50.84 6 9.81
95.18 6 13.99

19.32 6 3.97
55.19 6 11.33
94.93 6 17.12

Adductor

Preparatory

Area (% ms)
Mean (%)
Peak (%)

3.54 6 1.81
23.59 6 12.09
45.39 6 25.98

2.32 6 2.01
15.44 6 13.41
29.90 6 21.19

3.14 6 1.33
20.94 6 8.86
38.18 6 16.97

4.69 6 1.90
31.30 6 12.67
59.74 6 18.93

Reactive

Area (% ms)
Mean (%)
Peak (%)

18.69 6 4.40
53.40 6 12.58

100.77 6 5.14

14.90 6 3.40
42.58 6 9.79
98.31 6 17.30

18.50 6 4.70
52.93 6 13.60

103.29 6 9.97

17.40 6 5.30
49.86 6 15.24

101.07 6 6.44

Table continued
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Table 2. Continued

Variable

Control Group

Pretest Posttest

Plyometric Group

Pretest Posttest

Quadriceps: hamstring coactivation

Preparatory .55 6 .33 .68 6 .61 .66 6 .29 .43 6 .22
Reactive 1.19 6 .22 1.55 6 .42 1.39 6 .38 1.35 6 .22

Adductor: abductor coactivation

Preparatory
Reactive

.64 6 .49
1.04 6 .05

.55 6 .29

.97 6 .17
.48 6 .12

1.12 6 .25
1.02 6 .46
1.12 6 .29

Vertical jump
Sprint speed

18.17 6 2.24
7.18 6 .24

18.50 6 2.06
6.99 6 .28

17.89 6 2.29
7.21 6 .31

18.89 6 2.45
7.00 6 .33

Figure 1. Coactivation ratio of adductor:abductor muscles for the
control and plyometric training groups. A value of 100% on the
vertical axis indicates equal levels of contraction in the adductor
and abductor muscles. *P , .05 between groups.

Figure 2. The pattern of electromyographic activity for the adduc-
tor muscles during a drop-jump task. At posttesting, the plyome-
tric group demonstrated earlier and greater preactivation relative
to ground contact. This suggests a change in the preprogrammed
muscle-activation strategy that would benefit dynamic joint stabil-
ity.

values of 100% indicate agonist and antagonist muscle syn-
chrony, which also increases muscle and joint stiffness.37,39

Zhang and Wang40 reported that active contraction of hip ab-
ductor and adductor muscles could increase knee joint stiffness
by about 58%, which is important in maintaining knee joint
stability during functional tasks. Our results indicated a sig-

nificant increase in preparatory adductor-to-abductor coacti-
vation after training for the plyometric group (102%), whereas
the control group remained low (55%). These results also sup-
port data from Hewett et al,5 who showed significant decreases
in abduction and adduction moments at the knee joint in fe-
male athletes after plyometric training. Increased preparatory
hip adductor-to-abductor muscular coactivation may increase
hip and knee joint stiffness, thus decreasing adduction and
abduction moments and enhancing dynamic restraint during
functional activities.

Dynamic restraint in the knee can also be achieved through
reflexive or reactive neuromuscular control.34,35 Our findings
indicated only a trend toward increased reactive muscle acti-
vation. This was observed after ground contact, when the ply-
ometric group appeared to have more symmetric quadriceps-
to-hamstrings muscle coactivation. Baratta et al41 suggested
that individuals with hypertrophied quadriceps muscles, such
as high-performance athletes, have less coactivation of the
hamstrings muscles because of an inhibitory effect on recip-
rocal antagonistic muscles. Less quadriceps and hamstrings
coactivation can increase strain on the anterior cruciate liga-
ment and predispose athletes to noncontact injuries.42,43 How-
ever, plyometric training may produce neuromuscular adapta-
tions that encourage more symmetric quadriceps and
hamstrings coactivation and balance joint loads for dynamic
restraint.44 The lack of significant differences in reactive mus-
cle activation in the quadriceps and hamstrings muscle groups
may have been due to our subject sample and their high level
of physical condition. Although the sport-specific plyometric
exercises were a novel activity for the subjects, their previous
experience with physical conditioning may have limited the
potential for enhanced reflexive-induced EMG changes,20 and
feed-forward processing may have dominated the motor pat-
terns at posttesting. Treatment effects are more likely when a
larger population is represented, so a limitation to our study
may have been the small sample size and variability of EMG
data. Further analysis of the reactive EMG variables confirmed
that observing significant differences in the reactive strategies
of collegiate athletes may require large numbers of subjects.
Calculations revealed that the within-group effect size from
plyometric training ranged from 0.03 to 0.59 and the power
ranged from .05 to .23 (Table 3).

Functional Performance

Both groups demonstrated small but statistically insignifi-
cant improvements in vertical-jump height and sprint speed
over time. Our findings differ from those of other authors,5,45–47

who observed significant between-group differences in ver-
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Table 3. Power and Effect Size for Plyometric Group

Within-group pretest and posttest

Vastus medialis obliquus area

Power
Beta
Effect size

0.226
0.774

20.588

Vastus lateralis area

Power
Beta
Effect size

0.071
0.929
0.196

Medial hamstrings area

Power
Beta
Effect size

0.051
0.949
0.031

Lateral hamstrings area

Power
Beta
Effect size

0.0949
0.905

20.239

tical-jump performance. However, these studies differed in the
frequency, intensity, time, and type of plyometric exercises
and used sedentary control subjects or lower-caliber athletes
for group comparisons.

Field45 noted improvements with a plyometric training pro-
gram in athletes who were similar but of a slightly lower cal-
iber. Blattner and Noble47 saw significant increases in vertical-
jump height after isokinetic and plyometric training, but
neither regimen was more effective than the other. Pestolesi46

reported a mean increase of 0.45 in (1.14 cm) in vertical jump
after 6 weeks of jump training with high school athletes,
whereas our collegiate group had a mean increase of 1 in (2.54
cm). We used a plyometric training program with a higher
volume of repetitions (weekly foot contacts)45 and smaller rest
interval than that recommended by Chu.20 However, initial
pilot testing on a similar cohort of athletes was unable to in-
duce any adaptations with a lower intensity protocol.45 The
plyometric conditioning protocol was subsequently intensified,
and we were able to observe neuromuscular but not perfor-
mance adaptations.

We avoided selection bias by using high-caliber athletes in
the control group, and the participation of subjects in off-sea-
son training may have limited the potential for observing
group differences or a larger plyometric-training effect size.
Testing a larger sample may negate this study limitation be-
cause the experimental group had a greater mean increase in
vertical-jump height, compared with the control group, which
may be clinically relevant to elite athletes.

CONCLUSIONS

Our purpose was to examine the effect of plyometric train-
ing on muscle activation in female athletes. Plyometric train-
ing induced beneficial neuromuscular adaptations in the hip
adductor muscles that may assist with knee stability. Adductor
muscle preactivation and adductor and abductor coactivation
both increased after plyometric training. These neuromuscular
adaptations, combined with previous kinematic and kinetic
data,5 strongly support the use of plyometric training to en-
hance dynamic restraint and functional stability at the knee
joint. These observations also suggest that more emphasis
should be placed on hip-muscle performance and coordination

in the training regimen of female athletes to minimize the risk
of knee injuries.
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